Saturated pool boiling of R-123 was investigated for
INTRODUCTION

Effect of Surface Modification
Surface modification is an effective passive technique for enhancing heat transfer in pool boiling applications. A variety of methods have been investigated, including emery-paper or sandpaper treatments, abrasive blasting, fabricated surface structures, sintered surfaces, and porous coatings.
Gorenflo et al. [1] investigated pool boiling of propane at 4.247 bar on single 8-mm outer diameter (OD) horizontal copper tube surfaces prepared by different treatments-fine sandblasting, medium plus fine sandblasting, and emery grinding-and characterized by P a values of 0.27 μm, 0.56 μm, and 0.58 μm, respectively. In nucleate boiling, an increase in P a resulted in an increase in the heat transfer coefficient (at constant heat flux). A corresponding decrease of the wall superheat at transition from nucleate boiling to free convection was attributed to the increasing size of the largest surface cavities. Jones et al. [2] examined the effect of surface roughness on pool boiling of FC-77 and water at atmospheric pressure. Ram-type electrical discharge machining (EDM) was used to prepare 25 mm × 25 mm aluminium test surfaces with average surface roughness values R a = 1.08 μm, 2.22 μm, 5.89 μm, and 10 μm. Polished surfaces with R a values of 0.027 μm and 0.038 μm were made for comparison purposes. For FC-77, the heat transfer coefficient (at 100 kW/m 2 ) increased continuously with surface roughness by between 2.4 and 3 times that for a smooth surface with R a = 0.027 μm. For water, the trend with roughness was less clear and the enhancement was between 1.5 and 1.8 times that for a smooth surface with R a = 0.038 μm at the same heat flux. The different behavior for water and FC-77 was attributed to differences in the wetting characteristics of the two liquids and the cavity size distributions of the surfaces.
Kim et al. [3] studied the pool boiling characteristics of treated surfaces, including the effects of subcooling and surface orientation, using the dielectric liquid PF5060 and 20 mm × 20 mm copper test surfaces. Four different surfaces were tested: a plain surface, a sanded surface, a microfinned surface, and a microporous coated surface. The sanded surface was prepared using grade 80 sandpaper and had an average roughness height of 1.546 μm. For saturated conditions and horizontal orientation, the sanded surface achieved a wall superheat reduction of 43% at 120 kW/m 2 compared to that measured for the plain surface. McGillis et al. [4] obtained experimental data showing the effect of surface finish on pool boiling of water at a 1491 Downloaded by [Brunel University London] at 06:11 30 March 2015 subatmospheric pressure of 9 kPa on three flat copper surfaces. For a constant wall superheat of 25 K, the heat flux increased by about 100% when the root mean square (rms) surface roughness increased from 0.16 μm to 5.72 μm.
McGillis et al. [4] conducted parametric experiments to determine the effects of fin geometry for low-pressure pool boiling of water on rectangular fin arrays at 9 kPa. The fin arrays were machined on 12.7-mm square copper test sections, with fin lengths from 0 to 10.2 mm, fin gaps from 0.3 mm to 3.58 mm, and nominal fin widths of 1.8 mm and 3.6 mm. All the finned surfaces reduced wall superheat and extended the nucleate boiling range compared to smooth surface. However, based on the evidence for fins of 1.8 mm nominal width, additional increase in the base heat flux was fairly marginal for fin lengths greater than 2.54 mm. Smaller fin gaps were found to lead to greater heat transfer enhancement. For example, at 60 kW/m 2 , a fin gap of 0.3 mm resulted in the wall superheat decreasing by 72% compared to a flat surface, whereas for a fin gap of 3.58 mm the decrease in wall superheat was only 28%. No significant influence of fin width on heat transfer rates was reported.
Yu and Lu [5] investigated the heat transfer performance of rectangular fin arrays for saturated pool boiling of FC-72 at 1 atm. The EDM process was used to manufacture 7 × 7, 5 × 5, and 4 × 4 fin array test surfaces from copper blocks of 10 mm × 10 mm base area, with fin spacings of 0.5 mm, 1 mm, and 2 mm, respectively. Four different fin lengths (0.5 mm, 1 mm, 2 mm, and 4 mm) were investigated and the thickness of the fins was fixed as 1 mm. In general, the heat transfer rate increased as the fin length increased and the fin spacing decreased, with the maximum value being achieved with the fin array having the narrowest fin gaps (0.5 mm) and the highest fins (4 mm), more than five times that for the reference plain surface. Note that the boiling heat transfer coefficient (based on the total finned surface area) was found to be approximately independent of fin length at low heat flux. However, at moderate and high heat flux values, the heat transfer coefficient decreased as the fin length was increased at constant wall superheat.
The microfinned surface tested by Kim et al. [3] was fabricated by etching a copper test block to produce microfins of 100 μm × 100 μm square cross section with a height of 50 μm. The spacing between the fins was 200 μm and the increase in heat transfer area was 43.6% compared to the original plain surface. Their PF5060 pool boiling curves show that for a heat flux of 120 kW/m 2 the wall superheat for the microfinned surface was 47% lower than for a plain surface.
Surface enhancement techniques for pool boiling include porous microstructures formed by sintered metallic layers and porous coatings. Scurlock [6] presented experimental results for saturated pool boiling of liquid nitrogen and refrigerant R-12 on surfaces with porous aluminum/silicon coatings. The surfaces were manufactured by plasma spraying a mixture of aluminum powder with 10% silicon and polyester on to 50 mm × 50 mm aluminum plates, which were subsequently heated in air at 500
• C for 2 hr to evaporate the polyester. Six surfaces were prepared with coating thicknesses between 0.13 mm and 1.32 mm. For the 0.13-mm-thick coating and a heat flux of 13 kW/m 2 , the wall superheat was found to decrease compared to that for a smooth surface, by approximately 90% for LN 2 and 85% for R-12. The optimum coating thickness for maximum heat transfer coefficient was found to be 0.38 mm for LN 2 and 0.25 mm for R-12. Rainey and You [7] investigated the effect of microporous coated surfaces on pool boiling of saturated FC-72 at atmospheric pressure. Copper test surfaces, 20 mm × 20 mm and 50 mm × 50 mm, were coated using a mixture of diamond particles, Omegabond 101, and methyl ethyl ketone (MEK), known as DOM, by drip-coating onto the 20-mm square surface and spray-coating onto the 50-mm square surface. Evaporation of the MEK produced a microporous layer on the surface, approximately 50 μm thick and containing 8-12 μm diamond particles. Heat transfer coefficients for nucleate boiling on the microporous coated surfaces were always augmented by more than 300% compared to those for plain polished surfaces. As previously mentioned, Kim et al. [3] also tested a microporous coated surface for pool boiling of PF5060. The DOM coating applied to the 20-mm square copper test surface contained 4--8 μm diamond particles and was around 45 μm thick. At a heat flux of 120 kW/m 2 , the wall superheat decreased by 66% compared to that for a plain horizontal surface.
Nucleate Boiling Correlations
Details of some of the correlations proposed to predict heat transfer coefficients in nucleate boiling are set out below.
Stephan and Abdelsalam [8] proposed correlations to predict the heat transfer coefficient for water, hydrocarbons, cryogenics, and refrigerants in the nucleate boiling regime. The correlations were based on a regression analysis representing approximately 2800 experimental data points obtained for pool boiling on horizontal surfaces with fully established nucleate boiling under the influence of the gravity field. The pressure range for these data points was 0.0001 ≤ P/P c ≤ 0.97. The following correlation developed specifically for refrigerants with 0.003 ≤ P/P c ≤ 0.78 gave a mean absolute error of 10.6%:
where the bubble departure diameter D b is expressed as (2) and the bubble contact angle β was taken as 35
• for refrigerants. A mean surface roughness R p,old = 1 μm was assumed, where R p,old is an older roughness measure defined by the superseded standard DIN 4272:1960 and equal to R a /0.4 according to Gorenflo et al. [1] . Stephan 
and the constant was given as C = 55, but with the suggestion that this value should be replaced by C = 95 for horizontal copper cylinders. The exponent n is given by
A comprehensive correlation for predicting pool boiling heat transfer coefficients was suggested by Gorenflo and Kenning [10] in the form
The four factors on the right-hand side of Eq. (5) are functions of the heat flux, the reduced pressure, the heating surface, and the fluid properties, respectively, defined as
where q o = 20 kW/m 2 and n is given by
where
with the reference surface roughness R ao = 0.4 μm, (11) and
The fluid parameter P f in equation (12) is defined as
where (dP/dT) s , the slope of the vapor pressure curve, and σ are both at a reference pressure P r = 0. [11] developed a correlation to predict pool boiling heat transfer coefficients for pure halogenated refrigerants by modifying the correlation of Stephan and Abdelsalam [8] .
Based on a regression analysis of their experimental data for halogenated refrigerants, they suggested that the power on the heat flux term in Eq. (1) is a function of fluid properties and therefore has a unique value for each refrigerant. The new correlation is as follows:
and D b is given by Eq. (2). Equation (15) fitted the data of Jung et al. with a mean deviation of less than 7%. Shekriladze [12] presented a correlation for predicting the Nusselt number in developed nucleate boiling. The effective radius of nucleation cavities was assumed to be the characteristic linear dimension, denoted here as r o . For commercial heating surfaces it was suggested that r o can be represented by an average value of 5 μm. The Shekriladze [12] correlation is as follows:
and
Yagov [13] proposed a correlation on the basis of boiling fluid properties as follows:
Rohsenow [14] developed, much earlier, the following correlation for nucleate boiling of liquids other than water:
Jabardo et al. [15] reevaluated the exponents and the leading coefficient C s f in the Rohsenow correlation using experimental data for refrigerants. (21) . C sf was expressed as a function of average surface roughness, fluid/surface material combination, and reduced pressure as follows:
For R-123 and copper the following values were found: C = 1, a = 0.0077, b = 0.0258, c = 0.0036, and d = 0.0138.
In this paper, experimental data are presented for saturated pool boiling of refrigerant R-123 on five different copper heating surfaces, namely, emery-polished, fine sandblasted, rough sandblasted, electron beam (EB) enhanced, and sintered surfaces. The data are compared with pool boiling correlations and experimental results published in the literature.
EXPERIMENTAL SETUP
The experimental facility, shown schematically in Figure 1 , consisted of the following main components: (a) the boiling chamber housing the heater block, (b) a R-123 condenser, (c) a cooling water loop, and (d) a R-134a cooling unit. Electrical power supply and measurement equipment completed the experimental setup. Saturated pool boiling of R-123 was carried out in the boiling chamber. The system operated as a two-phase thermosyphon. R-123 vapor produced in the boiling chamber was condensed in a water-cooled condenser and the condensate returned to the chamber via a filter/dryer. The cooling water used in the condenser was recirculated and chilled in a heat exchanger using a R-134a vapor compression refrigeration unit. The boiling chamber was a vertical stainless steel 304 cylinder, 220 mm in diameter and 300 mm in height. Two circular glass windows, 140 mm in diameter, were mounted in the sides of the chamber in order to visualize the boiling process. Each boiling surface investigated was formed by the 40-mm upper face of a cylindrical heater block manufactured from oxygen-free copper, as illustrated in Figure 2 . Six 250-W cartridge heaters were installed in the lower end of the heater block. The power supplied to the heaters was regulated using a variable transformer and measured by a power meter. Temperatures in the heater block were measured using six Type K thermocouples of 0.5 mm diameter located 5 mm, 10 mm, 15 mm, 20 mm, 25 mm, and 30 mm below the boiling surface in holes of 1 mm diameter and 10 mm deep. The heater block was heavily insulated by a thick PTFE sleeve. The temperature in the boiling chamber was measured by three Type K thermocouples, two placed in the liquid region and one in the vapor region.
A pressure gauge and a pressure transducer were connected at the top of the chamber to monitor the pressure. To maintain saturated conditions within the chamber and to reduce heat loss an electric heater tape was wrapped around the chamber and nitrile foam rubber insulation was applied to a thickness of approximately 25 mm.
EXPERIMENTAL PROCEDURE AND DATA REDUCTION
The boiling chamber and condenser were initially filled with N 2 at 2.5 bar pressure to carry out a leakage test. Once the system was leak free, R-123 was admitted to the boiling chamber in vapor form. The refrigerant was filled to 80 mm above the boiling surface. The fluid was then boiled at a moderate heat flux for 30 min to remove any noncondensable gases, which were vented through a valve above the condenser. Measurements were recorded after the system reached a steady state. Tests were performed at 1.01 bar pressure for all the surfaces, for both increasing and decreasing heat flux, from the natural convection regime through nucleate boiling up to the critical heat flux. The effect of pressure was investigated for the emery-polished surface by conducting additional tests at 2 bar and 4 bar.
The temperature gradient in the heater block and the temperature of the boiling surface were determined using the temperatures recorded at the six thermocouple positions shown in Figure 2 ; see Ahmad [16] (23) assuming heat flow in the copper block to be one-dimensional; see Ahmad et al. [17] . The heat transfer coefficient at the boiling surface was calculated as
All the thermocouples were calibrated against a precision thermometer (F250 MKII, Automatic System Laboratories) and the pressure transducer was calibrated against a dead weight tester. The uncertainty for the pressure transducer measurements was ±0.5 kPa, and for the thermocouple measurements was ±0.2 K. The location error of the thermocouples was estimated to be ±0.05 mm. The boiling surface temperature T w was determined with a maximum uncertainty of 0.22 K as the intercept value of a linear regression line fitted through the temperatures measured within the copper block; see Ahmad [16] for further details.
The uncertainty in the heat flux q was calculated as follows:
where m denotes the slope of the linear regression line that gives the temperature gradient dT/dy in the heater block. The propagation of uncertainties in h was determined using Eq. (26); see Coleman and Steele [18] .
The uncertainty in the heat flux was between 2 and 4% and for heat transfer coefficient was between 2.5 and 5% in the nucleate boiling regime. All properties of R-123 were found using the EES (Engineering Equation Solver) software; see Table 1 .
SURFACE PREPARATION AND CHARACTERIZATION
According to Pioro et al. [19] , the effect of surface characteristics on boiling heat transfer rates depends on the thermophysical properties of the surface material, the solid-liquid-vapor interactions, and the surface microgeometry. As discussed in the introduction, surface roughness can be a good indicator of the effect of surface condition on the pool boiling heat transfer coefficient, as found by Gorenflo et al. [1] , Jones et al. [2] , and Kim et al. [3] . However, beyond that, it is worth noting that surface microstructure, which refers to the shape, dimensions, and density of pores and cracks, is fundamentally important as it relates to the number of possible nucleation sites (Pioro et al. [19] ). Therefore, conventional surface roughness parameters such as the average roughness R a and the root mean square roughness R q may not be entirely adequate to represent the surface microstructure and hence the actual behavior of a surface in boiling. Pioro et al. [19] pointed out that "for the same value of surface roughness, two extreme cases of microstructure may exist -plateau with peaks and plateau with valleys and cavities." Thus, the R a values, on their own, would not be a good indicator of the comparative boiling performance of these two surfaces. Surface roughness does, however, affect the heat transfer coefficient when the number of active nucleation sites increases as R a increases, which can often be the case.
The procedures to prepare the test surfaces used in this study are outlined in the following. All the surfaces were characterized using an ultrasonic stylus instrument at Kassel University as described by Luke [20] . Two-dimensional surface profiles were obtained for each surface; see . Average values were reported for the primary profile amplitude parameters P a and P q , evaluated on the basis of the unfiltered primary profile. The parameter P a is defined in the BS EN ISO 4287:1998 standard as the arithmetic mean value of the absolute values of the profile deviations from the mean line within a sampling length and is expressed by
where l p is the sampling length of the primary profile. In a similar way, P q is defined as the root mean square value of the profile deviations from the mean line within a sampling length and is given by In this work, P a was substituted for the average surface roughness R a in evaluating any nucleate boiling heat transfer correlation equation involving the surface roughness. The average surface roughness R a is evaluated in the same manner as P a , but is based instead on a roughness profile. The roughness profile is derived from the primary profile by suppressing the long wave component using a profile filter with a cutoff wavelength λ c that defines the intersection of the roughness and waviness components present in a surface; see BS EN ISO 16610-21: 2012 for more details.
Emery-Polished Surface
The surface was polished with emery paper P1200. It was placed on the emery paper under its own weight of 24.5 N. The block was moved on the emery paper from front to back and then sideways, 50 times in each direction. After every 50 movements the emery paper was renewed. Compressed nitrogen was then blown over the surface to remove any fine particles. The values of P a = 0.044 μm and P q = 0.069 μm were obtained for the emery-polished surface.
Fine Sandblasted Surface
The surface was first carefully polished and then sandblasted with brown aluminum oxide (grit size 120-220 μm) in a standard sandblasting cabinet, as discussed in Luke [20] . During sandblasting the nozzle to surface distance was kept at 60 mm and the operating pressure was 3.5 bar. The P a value for this fine sandblasted surface was 0.0997 μm and the P q value was 0.1211 μm.
Rough Sandblasted Surface
The surface was prepared using the same procedure as used for the fine sandblasted surface, but with a coarser abrasive blasting material. Brown aluminum oxide (grit size 300-425 μm) was used. The rough sandblasted surface was found to have a surface parameter value P a = 3.52 μm and P q = 4.43 μm.
Electron Beam (EB)-Enhanced Surface
This enhanced surface was prepared at TWI Cambridge using an electron beam surface modification technology known as Surfi-Sculpt. In this process the electron beam is moved across the surface by a programmable system, causing melting and displacement of surface material to form an array of protrusions. The process is discussed in detail by Buxton et al. [21] . The values of P a = 200 μm and P q = 243 μm were determined for the EB-enhanced surface. 
Sintered Surface
The sintering procedure was carried out at Thermacore Europe. The sintered surface was created by sintering copper particles directly onto the upper face of the heater block. To produce the required thickness of particles a custom-designed mandrel was clamped to the block, forming a chamber with a uniform depth of 0.5 mm. Copper powder was inserted into the chamber and vibrated to ensure the particles were close-packed. The assembly was heated in an inert atmosphere to just below the melting point of copper, allowing the particles to fuse together and to the surface of the heater block as a porous metal layer. To enable the material to fuse, a secondary gas was used that fluxes with the powder to remove the oxide layer. The values P a = 144 μm and P q = 181 μm were found for the sintered surface.
RESULTS AND DISCUSSION
Experimental data were collected for both increasing and decreasing heat flux for all of the surfaces tested. Only results for decreasing heat flux are presented in this paper. Hysteresis was only observed for the rough sandblasted surface and the EB enhanced surface. The repeatability of the results was routinely checked throughout the experiments. It was found that they were repeatable within the experimental error. Figure 8 presents experimental data obtained in this study and earlier work by Ahmad et al. [17] and Ahmad et al. [22] for pool boiling of R-123 at 1 bar pressure on copper surfaces prepared using different methods, namely, emery polishing, fine and rough sandblasting, electron-beam surface enhancement, and sintering. The spread of the boiling curves in Figure 8 demonstrates that surface modification has an appreciable effect on the variation of heat flux with wall superheat. Experimental results reported by Zaghdoudi and Lallemand [23] and Hristov et al. [24] for pool boiling of R-123 at 1 bar on emery treated copper surfaces are also plotted in Figure 8 for comparison.
Effect of Surface Roughness
The results obtained for the emery-polished surface with P a = 0.044 μm are in reasonably good agreement with the measurements of Hristov et al. [24] , who utilized an earlier version of the apparatus shown in Figure 1 at Brunel University and a boiling surface polished using P1200 emery paper followed by an ultrafine abrasive paper. In contrast, the results of Zaghdoudi and Lallemand [23] exhibit an earlier rise of heat flux with wall superheat for a surface prepared using number 600 emery paper. It should be noted that number 600 emery paper is much coarser than grade P1200 and therefore would be expected to produce larger cavities and deeper peak-to-valley roughness in the surface, with greater potential for bubble formation at lower wall superheats. Beyond this, it is difficult to compare the emery-polished surface results obtained by the present authors and Hristov et al. [24] and those of Zaghdoudi and Lallemand [23] because surface roughness was not quantified in the latter two studies.
The experimental results shown in Figure 8 for the two sandblasted boiling surfaces are characterized by different values of the standardized surface parameter: P a = 0.099 μm for the fine sandblasted surface and P a = 3.5 μm for the rough sandblasted surface. As heat flux and wall superheat increase, the fine sandblasted surface data are initially in line with the curve for the emery-polished surface when natural convection is the principal heat transfer mode. At a wall superheat slightly above 12 K the fine sandblasted results diverge sharply upward with the onset of nucleate boiling. This enhancement of boiling heat transfer is consistent with the presence of larger cavities on the rougher surface: that is, P a = 0.099 μm, compared to 0.044 μm for the polished surface. It should be mentioned that the roughness value reported here for the emery-polished surface may be slightly high due to surface scratches within the gauge length over which P a was evaluated, as indicated in Figure 3 .
In the case of the rough sandblasted surface (P a = 3.5 μm) the boiling curve is further shifted to the left in Figure 8 , compared with the curves for the fine sandblasted and emery-polished surfaces. This pattern illustrates a progressive decrease, with increase of the surface roughness, of the wall superheat needed to dissipate a given heat flux by nucleate pool boiling on these surfaces. Inspection of the two-dimensional surface profiles in Figures 4 and 5 shows that the microstructure of the rough sandblasted test surface had much deeper valleys, higher peaks, and a wider distribution of cavity sizes than the fine sandblasted test surface. Hence, the rough sandblasted surface microstructure would be more effective, both in a vapor trapping role and in promoting bubble formation over a range of wall superheats.
The EB-enhanced surface and the sintered surface both achieved a large improvement in heat transfer compared to the conventional emery-polished and sandblasted surfaces, as evidenced by their much steeper boiling curves in Figure 8 . growth of a pattern of protrusions above the original surface level, accompanied by associated cavities in the substrate. This macrostructure is reflected by the large value of the standardized surface parameter, P a = 200 μm, measured for the EB-enhanced surface, significantly larger than the P a values determined for the other surfaces tested. The effectiveness of the cavities formed by the EB surface enhancement technique in trapping vapor is believed to be the primary reason for the large observed augmentation of heat transfer in nucleate boiling. In addition, the increase in the heat transfer surface area provided by the protrusions may be a secondary factor contributing to an increase in the base heat flux. The strongest influence of surface modification on pool boiling heat transfer is displayed by the sintered surface results shown in Figure 8 , although the surface P a = 144 μm was smaller than for the EB enhanced surface. The sintering process forms a porous metallic (copper) structure on the heater block surface of assumed uniform porosity and cavity distribution, providing vapor entrapment volume and a large number of active nucleation sites.
The heat transfer coefficient augmentation can be expressed as the ratio h modified surface /h polished surface . Trend lines of this factor are compared in Figure 9 for heat fluxes up to 220 kW/m 2 . For the sintered, EB-enhanced, rough sandblasted, and fine sandblasted test surfaces the heat transfer coefficients were found to be augmented by around 9, 6.5, 2, and 1.5 times the value for the emery-polished surface, respectively.
Comparison With Correlations
Experimental heat transfer coefficients obtained in this study for pool boiling of R-123 on the emery-polished surface, at pressures of 1.01 bar, 2 bar, and 4 bar, are compared with predictions based on published nucleate boiling correlations in Figures 10,  11 , and 12, respectively. Similar comparisons are presented in Figures 13 and 14 for the results obtained at 1.01 bar with the fine sandblasted surface and the rough sandblasted surface, respectively. These surfaces cover a range of roughness with Shekriladze [12] Shekriladze [12] Stephan and Abdelsalam [8] Stephan and Abdelsalam [8] Jung et al. [11] Gorenflo and Kenning [10] Cooper [9] +/-20 % scatter band Rohsenow [14] /Jabardo et al. [15] Yagov [13] Nucleate Boiling P = 1.01 bar Emery polished surface Figure 10 Comparison of pool boiling results for the emery-polished surface with published correlations, at P = 1.01 bar.
standardized surface parameter values P a = 0.044 μm (emerypolished), P a = 0.099 μm (fine sandblasted), and P a = 3.5 μm (rough sandblasted). As previously mentioned, P a values were substituted for the average surface roughness R a in prediction calculations, although it is noted that the roughness of the heater surface is not used in all of the correlation equations considered here.
The correlation proposed by Stephan and Abdelsalam [8] for refrigerants, given by Eq. (1), is based on a regression analysis of published data covering a wide range of reduced pressure and includes thermal, transport and wetting properties of the fluid. An average surface roughness R p,old = 1 μm was assumed in the development of this correlation. It was suggested that Eq. (1) should be multiplied by R p,old 0.133 to account for the influence of surface roughness values other than 1 μm. When this factor is applied with the Stephan-Abdelsalam correlation, as plotted in Figure 10 , the calculated heat transfer coefficients underpredict the experimental results for the emery-polished surface at P = 1.01 bar, only falling within the ±20% error band at higher heat Stephan and Abdelsalam [8] Shekriladze [12] Rohsenow [14] /Jabardo et al. [15] Yagov [13] Nucleate Boiling Emery polished surface Cooper [9] Gorenflo and Kenning [10] Jung et al. [11] Stephan and Abdelsalam [8] Shekriladze [12] Yagov [13] +/-20 % scatter band Cooper [9] Yagov [13] Gorenflo and Kenning [10] Jung et al. [11] Stephan and Abdelsalam [8] Shekriladze [12] Rohsenow [14] /Jabardo et al. [15] +/-20 % Scatter band P = 1.01 bar
Nucleate Boiling
Fine sandblasted surface Fine sandblasted surface Cooper [9] Yagov [13] Gorenflo and Kenning [10] Jung et al. [11] Stephan and Abdelsalam [8] Shekriladze [12] Rohsenow [14] /Jabardo et al. [15] +/-20 % Scatter band P = 1.01 bar fluxes. If the surface roughness factor is not included, the predictions (not shown) are within ±20% of the experimental data in the mid-to-low heat flux range, but are too high at high heat fluxes and too low at low heat fluxes. In the simple correlation developed by Cooper [9] , the properties of the boiling fluid are represented in terms of the reduced pressure P r and the molecular mass M only. The heater surface roughness measure R p,old is included in an exponent on P r . The Cooper correlation predicted line in Figure 10 , calculated using Eq. (3) with C = 95, exhibits closer agreement with the P = 1.01 bar experimental results than that of the Stephan-Abdelsalam correlation and remains within the ±20% error band apart from at the lowest heat flux values. The Jung et al. [11] correlation for halogenated refrigerants is a modified form of the Stephan and Abdelsalam [8] correlation and, following Cooper [9] , introduces the reduced properties P r and T r . However, their equation does not include any term to account for the heater surface condition. Predicted values calculated with the Jung et al. correlation are within ±20% of the polished surface experimental data for P = 1.01 bar, except at the extremes of the heat flux range. Heat transfer coefficients predicted from the correlations and the experimental results for the emery-polished surface, at test pressures of 2 bar and 4 bar, are compared in Figures 11 and 12 , respectively. It is evident that the correlations discussed earlier, due to Stephan and Abdelsalam [8] , Cooper [9] , and Jung et al. [11] , show better agreement with the data at P = 2 bar than with data obtained at the 1.01 bar and 4 bar conditions. The heat transfer prediction equation developed by Yagov [13] is based on an approximate theoretical model of nucleate boiling and includes empirically determined constants and the boiling fluid properties. Predictions made with this equation show close agreement with the experimental data for the emery-polished surface at 1.01 bar and 2 bar, but less good agreement at 4 bar; see Figures 10, 11, and 12. The calculation method of Gorenflo and Kenning [10] involves nondimensional functions representing the relative influences of heat flux, reduced pressure, fluid properties, and heating surface roughness and material properties on the heat transfer coefficient relative to that for a fictitious reference fluid. For P = 1.01 bar, the predicted coefficients are within the range of values given by the other correlations, as shown in Figure 10 . However, at 2 bar and 4 bar, the predicted values only agree at low heat fluxes, but then deviate increasingly as the heat flux increases, as can be seen in Figures 11 and 12 . This behavior is presently unexplained and requires further investigation.
Shekriladze [12] developed a nucleate boiling correlation with the average effective radius at the mouth of nucleation cavities as the characteristic linear size. As mentioned earlier, Shekriladze [12] suggested using a value r o = 5 μm as typical of commercial surfaces. Since r o was unknown for the emerypolished and sandblasted surfaces tested in this work, a constant value of 5 μm was used in order to evaluate Eq. (16) . Nevertheless, the predicted heat transfer coefficients are mostly within ±20% of the experimental results for the emery-polished surface at all pressures, except at low heat fluxes. Jabardo et al. [15] employed curve fits of experimental data for refrigerants (including R-123) to modify the exponents and the surface-fluid coefficient C sf in the original Rohsenow [14] nucleate boiling correlation. An expression, Eq. (22), was developed for calculating C sf as a function of surface roughness and reduced pressure. Predictions made using the modified correlation are comparable with those of the Stephan and Abdelsalam [8] correlation (including the surface roughness factor).
Deviations of the predicted heat transfer coefficient values from the experimental data for the emery-polished surface are presented in Table 2 in the form of the mean absolute error (MAE) expressed in percentage terms as
It should be noted that the MAE values in Table 2 are based on the limited number of experimental data points shown in Figures 10-12 . Furthermore, MAE provides an average measure of the deviations between predicted and experimental values, and does not differentiate between overprediction and underprediction. For example, Table 2 shows roughly equal MAE values for the Cooper [9] correlation predictions of 13.8% at 1.01 bar and 14.8% at 4 bar. However, Figure 10 reveals that although the predictions for P = 1.01 bar fall consistently below the experimental results, the P = 4 bar data are overpredicted at high heat flux. Figures 10-12 , and the preceding discussion, relate to the emery-polished surface characterized by a P a value of 0.044 μm. It is of interest to examine how the same correlations perform in predicting heat transfer coefficients for the fine and rough sandblasted surfaces. Table 3 lists MAE values comparing the predictions with the experimental data for the sandblasted surfaces. The predictions from the Jung et al. [11] , Yagov [13] , and Shekriladze [12] correlations for the sandblasted surfaces shown in Figures 13 and 14 are identical to those for the emery-polished surface shown in Figure 10 . This is because the conditions (saturated, P = 1.01 bar), and hence fluid properties, were the same in all cases and because surface roughness does not appear in these correlations. Also, a constant value of r o was assumed in the Shekriladze correlation. In the case of the fine sandblasted surface (see Figure 13 ), all the predictions fall below the experimental data. In Figure 9 , the heat transfer coefficient augmentation for the fine sandblasted surface was around 1.5 times that of the emerypolished surface, for an increase in P a from 0.044 μm to 0.099 μm, whereas the dependence of h on surface roughness in the Stephan-Abdelsalam and Gorenflo-Kenning equations follows a weaker h ∝ R a 4/15 relationship. Furthermore, it is known that sandblasted surfaces have a uniform granular microstructure with a larger size distribution of cavities, or roughness range, than produced by emery grinding; see Luke [25] . The preceding comparison illustrates that the use of R a alone may not be adequate to fully represent the effect of surface condition on pool boiling heat transfer.
The comparison for the rough sandblasted surface (P a = 3.5 μm) in Figure 14 shows large deviations between the predictions and the experimental data, as expected, except for the Jabardo et al. [15] modification of the Rohsenow [14] correlation and the Gorenflo and Kenning [10] correlation.
CONCLUSIONS
The effects of heater surface modifications on pool boiling in saturated R-123 were investigated experimentally. Boiling curves were established for emery-polished, sandblasted, electron beam enhanced, and sintered surfaces. The following conclusions can be drawn:
1. Surface modification can yield significant enhancement of the heat transfer coefficient. The best performance was achieved by the sintered surface with a heat transfer coefficient approximately nine times that for the emery-polished surface. The corresponding augmentation factors for the EBenhanced, fine sandblasted, and rough sandblasted surfaces were around 6.5, 2, and 1.5 respectively. 2. The experimental heat transfer coefficients for the emerypolished surface (at 1.01 bar, 2 bar and 4 bar) were compared with predictions from seven different nucleate boiling correlations. Some correlations gave predictions within ±20% of the experimental results over wide ranges of heat flux 
